Vibration energies generated by laser irradiation to a plate with a crack were calculated by the semi-analytical finite element method to elucidate the principle of defect imaging using a scanning laser source. For normal incidence in the ablation regime, the incident energy increases when the incident source is located in the vicinity of the crack, owing to the effect of the non-propagating A1 modes. For dipole loading in the thermoelastic regime, the vibration energies are completely different, depending on the position of the crack opening. If the crack opening is located opposite the incident source, the vibration energy increases abruptly in the vicinity of the crack, which is affected by the higher-order non-propagating modes as well as the A1 modes. When the crack opening and the incident source are located on the same side, the generated energy approaches zero as the source moves closer to the crack. The energy reduction around the crack is caused by the superposition of the incident wave from dipole loading and the phase-inverted reflected wave. The results of experiments conducted to verify the energy variations in the vicinity of a crack were in good agreement with the numerical results for dipole loading.
Vibration energies generated by laser irradiation to a plate with a crack were calculated by the semi-analytical finite element method to elucidate the principle of defect imaging using a scanning laser source. For normal incidence in the ablation regime, the incident energy increases when the incident source is located in the vicinity of the crack, owing to the effect of the non-propagating A1 modes. For dipole loading in the thermoelastic regime, the vibration energies are completely different, depending on the position of the crack opening. If the crack opening is located opposite the incident source, the vibration energy increases abruptly in the vicinity of the crack, which is affected by the higher-order non-propagating modes as well as the A1 modes. When the crack opening and the incident source are located on the same side, the generated energy approaches zero as the source moves closer to the crack. The energy reduction around the crack is caused by the superposition of the incident wave from dipole loading and the phase-inverted reflected wave. The results of experiments conducted to verify the energy variations in the vicinity of a crack were in good agreement with the numerical results for dipole loading. Guided waves are often used to inspect large plate-like structures, such as pipes, tanks, and airplane bodies and wings, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] owing to such waves' prominent characteristic of long-range propagation. In most cases, rapid long-range inspections are conducted by measuring guided waves reflected or transmitted by defects. However, the defect detection sensitivity decreases as the frequency decreases and the wavelength increases; hence, echo signals from defects of a desired size cannot be measured when a lowfrequency band with smaller attenuation is used for longrange propagation. Defect imaging techniques that use such guided wave signals need to achieve a trade-off between long-range propagation and sufficient image resolution. [8] [9] [10] [11] [12] The authors have studied defect imaging using a scanning laser source (SLS) technique as a new and efficient imaging method for inspecting plate-like structures. [13] [14] [15] [16] [17] [18] The SLS technique is a measurement technique in which a laser source of elastic waves is scanned over a plate-like structure, and a large number of waveforms are detected for a large number of wave sources. Kromine et al. 19 and Sohn and Krishnaswamy 20, 21 showed that surface breaking flaws can be detected with high sensitivity by observing changes in the amplitude and frequency of Rayleigh waves generated using the SLS technique. Dixon et al. 22 and Clough and Edwards 23, 24 observed an increase in amplitude when a laser source was located in the vicinity of notches in a plate. Using the SLS technique, Fomitchov et al. 25 obtained Bscan images of defects in sandwich specimens composed of graphite-epoxy face sheets with a PVC core. Takatsubo et al. 26 created an animation of wave propagation on an object surface from a large number of waveforms measured by the SLS technique and evaluated defects from the distortions in wave propagation. The authors demonstrated experimentally and numerically that the plate thickness distribution can be obtained from amplitude distributions measured using the SLS technique in a low-frequency range below the A1 cutoff frequency. Images of notch-type defects in a plate were obtained using similar measurements. [14] [15] [16] Recently, the authors successfully developed a rapid noncontact imaging system consisting of fiber laser equipment for generating narrow-band burst waves with a high signal level in the frequency domain and a laser Doppler vibrometer for non-contact detection. 17, 18 The authors also examined the effect of quick measurements on the images and demonstrated the potential for creating a defect image within a few seconds. This imaging technique provides high detection sensitivity, as in the studies described above, [18] [19] [20] [21] [22] [23] noncontact measurements from a few meters, and fast defect imaging. Therefore, it can be implemented as a camera, using elastic waves, i.e., an E-camera.
In this study, Lamb wave energy propagation in the cross section of a plate was examined to elucidate the principle and evaluate the potential of the E-camera. The semianalytical finite element (SAFE) method, [27] [28] [29] [30] [31] [32] [33] [34] an efficient calculation technique for guided waves, was used in the numerical analyses. Propagation energy in a plate is discussed in this paper using the velocity vectors and stress tensors in the SAFE formulation, and elastic wave energy generated in a plate with a crack is discussed using the calculation results. The SLS technique was used to obtain images of defects located on the same side and the opposite side of a laser source, and the calculation results for the energy variations were validated using the experimental results.
II. CALCULATION OF CROSS-SECTIONAL ENERGY USING THE SAFE METHOD
The SAFE method is a specialized version of the finite element method for elongated structures with uniform geometries and material constants in the longitudinal direction. [27] [28] [29] [30] [31] [32] [33] [34] Because this technique requires only division of the cross section of a bar-like structure, guided wave propagation can be carried out more efficiently than in the case of general finite element analysis, which requires a whole region to be divided into small elements. Moreover, the SAFE method is suitable for modal analysis because wave fields in a bar-like structure are expressed as the sum of guided wave modes.
We consider Lamb waves vibrating in the x-y plane and propagating in the longitudinal direction (the 6x direction) in a thin plate with traction-free boundaries, as shown in Fig. 1 . Analytical solutions for this case are given by normal mode expansion, which yields a velocity vector at an arbitrary point on the cross section of the plate in the form of the summation of the eigenmodes of the Lamb waves for a harmonic vibration with angular frequency x,
where the vector function v m with respect to y is the crosssectional velocity distribution for the mth mode and k m is the wavenumber for the mth mode, both of which are obtained from the plate thickness h and the material constants. The incidence conditions and boundary conditions determine a m , which is the complex amplitude of the mth mode. In the normal mode expansion technique, Eq. (1) is given by an infinite sum of the Lamb wave modes. The existing modes in a plate always consist of a pair of modes in 6x directions, owing to the symmetry of a plate, and the sign of the group velocity and the sign of the imaginary part of the wavenumber k m determine the direction of the waves. In the SAFE technique, the cross section of a plate is divided into layered elements, as shown in Fig. 1 , and the nodal displacements and interpolation function yield an eigenequation. Solving the eigenequation gives an approximation of the Lamb waves as a finite sum of their eigenmodes, expressed by Eq. (1). 33 Suppose that 2 N modes are assigned as m ¼ 1 to N for positive propagating or decaying modes (þx modes) and m ¼ ÀN to À1 for negative propagating or decaying modes (Àx modes), and suppose that the 6Mth modes are a pair of 6x modes. The following equation is satisfied for the wavenumbers:
Equation (1) can be expressed as the sum of þx and Àx modes as follows:
Similarly, a stress tensor 36 can be written as follows:
where T m is the stress distribution tensor for the mth mode and is a function of y that is determined by the plate thickness and material constants, such as v m . The time-averaged energy flow per unit time (power) on the cross section in the direction normal tox is represented as follows:
where * denotes the complex conjugate. Substituting Eqs. (3) and (4) into Eq. (5) and rearranging the resulting equation yields the following:
where
The characteristics of P mn are described in Ref. 36 . The orthogonal relation yields
Moreover, for propagating modes with real wavenumbers, the symmetry of the propagating modes yields
For non-propagating modes with pure imaginary wavenumbers, 
By letting the nth mode satisfying k m ¼ k Ã n be m*, Eq. (6) becomes
If the mth mode is a propagating mode with a real wavenumber, then m Ã ¼ m, which implies that the propagating mode m transports energy by interacting only with itself and not with any other modes. If the mth mode is a non-propagating mode with a complex wavenumber, it transports energy by interacting with the m Ã th mode that satisfies
The non-propagating modes m and m Ã are decaying modes in the 6x directions, with identical real parts of wavenumbers, as shown in Fig. 2 . Because the non-propagating modes can exist only in the vicinity of incident and reflection points, the energy transportation by the interaction of the non-propagating modes occurs only when the incident and reflection points or multiple reflection points are located close to each other.
Next, we consider a plate in which an incident point and a vertical crack are located at x ¼ x s and x ¼ x 1 , respectively, as shown in Fig. 3 . Although the geometries and material constants have to be uniform in the longitudinal direction in a single SAFE region, a non-volume vertical crack can be modeled by connecting two SAFE regions. 30, 31 A crack opening and a connecting junction are expressed by the boundary conditions of zero nodal forces and the continuities of nodal displacements and nodal forces at the junction, respectively. The incident, reflected, and transmitted waves that exist in each region can be expressed as follows:
where v I6 , v R , and v T are the velocity vectors of the incident wave in the 6x directions, the reflected wave, and the transmitted wave, respectively, and a m denotes a complex amplitude of the mth mode. The incident conditions at x ¼ x S determine the incident amplitude, a 
30,31
Similarly, if the stress tensors are expressed as follows:
substituting Eqs. (12d) and (13d) into Eq. (5) yields the energy per unit time at x ¼ x c3 , expressed as follows:
Because the mode in the Àx direction does not exist in the range of m ¼ 1 to N and n ¼ 1 to N, n ¼ m Ã ¼ m holds for P mn 6 ¼ 0. Consequently, the transmission energy consists only of the interaction of the propagating modes, expressed as follows:
This form is independent of x C3 . Next, we consider a cross section C1 at x ¼ x C1 < x S , where only waves in the Àx direction exist, and a velocity vector and a stress tensor are given as a sum of reflected and incident waves, such as
The timeaveraged cross-sectional energy flow per unit time is expressed in the form of Eq. (15) as follows: Finally, we consider the cross section C2 at x S < x C2 < x 1 . Because the velocity vector and the stress tensor in the range are given as v R þ v Iþ and T R þ T Iþ , substituting them into Eq. (5) yields the time-averaged cross-sectional energy flow per unit time as follows:
where P Iþ , P R , and P Non-pro are derived using the relationships for P mn and k m , given by Eqs. (2), (8), (9), and (10), as follows:
Note that P Àmn and P n;Àm in Eq. (18c) are non-zero only when the combination of m and n satisfies Àm ¼ n
Here, because mð¼ Àn Ã Þ is a positive integer from 1 to N, the condition of mð¼ Àn Ã Þ > 0 is added in the summation of Eq. (19) . This implies that only non-propagating modes are considered and that Eq. (19) gives the energy due to the interaction of the non-propagating modes. Note that P Iþ in Eq. (18a) is the energy generated by external loading at x ¼ x S and corresponds to the incident energy for an intact plate. Furthermore, P R is the energy of the reflected waves generated at the crack.
The effect of non-propagating modes (evanescent waves) at plate ends and cracks have been presented in many publications.
19-24,36-44 Bobrovnitiskii 40 described the generation of energy flow caused by the interactions of positive and negative non-propagating modes. Yan and Yuan 41 stated that the propagating energy converted from evanescent waves at a plate edge has the potential for use in nondestructive testing (NDT) of defects and structural health monitoring through power flow analysis. An and Sohn 42 demonstrated experimentally that surface cracks can be detected by measuring displacement enhancement near cracks due to the generation of evanescent waves. Recently, in electromagnetic and ultrasonic studies, the characteristics of evanescent waves have been applied to superresolution imaging 43, 44 in which the resolution of an image exceeds the limitation of the wavelength.
III. RELATIONSHIP BETWEEN SOURCE POSITION AND ENERGY GENERATED
A. Calculation of incident, reflected, and transmitted energy by the SAFE method This section describes an examination of the energy generated by laser emission to a thin plate with the E-camera using the SAFE method. Elastic waves are generated in a solid medium by a laser through one of two mechanisms: ablation or the thermoelastic effect. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] For large pulse energy, a sudden laser energy input induces plasma emission from the surface of a material, and a normal force is instantaneously loaded as a reaction force of the plasma emission. 45, 50 For small laser pulse energy, below the ablation regime, sudden thermal expansion of the surface of a material generates elastic waves. 45, 48, 49, [51] [52] [53] [54] [55] [56] Here, considering the two generation mechanisms, elastic wave energy is discussed for point normal loading and dipole loading, as shown in Fig. 4 . In the SAFE calculation, a harmonic point force is applied in the y direction to the upper nodal line at x ¼ x S for normal loading, and dipole nodal force is applied in the 6x directions to the upper nodal line at two points separated by a distance of h/100 for dipole loading. The material used in this study was an aluminum alloy with longitudinal and transverse velocities of c L ¼ 6300 m/s and c T ¼ 3100 m/s.
B. Point normal loading
First, we consider point normal loading [ Fig. 4(a) ]. Figure  5 shows variations in the elastic wave energy generated for various distances between the point source and the crack, x 1 À x S . The vertical axes of the graphs represent the ratio of the sum of the energy propagating toward the right and left, P T þ ðÀP R&IÀ Þ, to the sum of the energy propagating in both directions in a plate without cracks, P Iþ þ ðÀP IÀ Þð¼ 2P Iþ Þ. Naturally, the ratio is 1.0 for an intact plate. The crack considered here is a non-volume vertical crack with a depth of d. shows the curves obtained when the crack opening is located opposite the incident surface, as shown in Fig. 5 (d) . These curves are nearly identical to those obtained when the crack opening and the incident source are located on the same side. Figures 5(a) -5(c) show the curves obtained at different frequency-thickness products (fh). Here, fh ¼ 25 kHz mm corresponds to the value used in the fundamental work on the Ecamera, 17, 18 whereas fh ¼ 5 kHz mm and fh ¼ 200 kHz mm are examples of lower-and higher-frequency-thickness products. Because the A1 cutoff frequency is fh ¼ 1550 kHz mm for the aluminum alloy plate used in this study, the propagating modes are only the A0 and S0 modes for these fh values.
In all cases, as Figs. 5(a)-5(c) show, the energy ratios periodically vary around 1.0 in the normalized distance range of ðx 1 À x S Þ=h > 5. The interference of the reflected wave v R and the incident wave in the Àx direction, v IÀ , causes energy variations whose periods correspond to half of the normalized wavelength of the A0 mode, k A0 =ð2hÞ ¼ 22.0, 9.8, and 3.3, at the fh values. When the incident source is located in the vicinity of the crack, i.e., ðx 1 À x S Þ=h > 5, the energy ratios tend to be greater than 1.0, and the maximum values become larger as the crack depth d/h increases. In other words, even if the external loading is constant, a large amount of vibration energy is generated when an incident source is located close to a crack, compared to the energy ratio of 1.0 for incidence at intact areas, and the maximum value corresponds to the depth of the crack.
C. Dipole loading
This section discusses variations in the elastic wave energy for dipole loading, as illustrated in Fig. 4(b) . . This is because two modes with different wavelengths, i.e., A0 and S0, are generated and interfere in the fh range. In the vicinity of ðx 1 À x S Þ=h ¼ 0, the energy abruptly increases in all cases. To show the small range of ðx 1 À x S Þ=h clearly, magnified views are shown in the insets. The energy curves abruptly increase in the vicinity of ðx 1 À x S Þ=h ¼ 0, compared with normal loading, and exhibit a similar trend in that the maximum energy increases with the crack depth.
Figures 7(a)-7(c) shows the energy variations when the crack opening and the dipole source are on the same surface, as shown in Fig. 7(d) . As in Figs. 5 and 6, the energy variations are shown for different fh values and crack depths. As the dipole source moves closer to the crack opening, the energy approaches zero; this behavior is completely different from that seen in Fig. 6 . The energy generation mechanism in dipole loading (the thermoelastic effect) causes zero energy generation at ðx 1 À x S Þ=h ¼ 0. When the dipole source is close to the crack opening with a traction-free boundary, as show in Fig. 8 , an incident stress wave heading toward the crack generates a phase-inverted reflected wave at the crack opening. If the dipole source is sufficiently close to the crack, the incident wave propagated from the left edge of the dipole source in the left direction and the reflected wave are cancelled out; consequently, the generated energy becomes zero at ðx 1 À x S Þ=h ¼ 0.
D. Modal analysis of generation energy
From the results presented above, we can conclude that the generated energy varies significantly when the incident source is located in the vicinity of the crack. This trend can be explained using the energy equations presented in Sec. II. Note that P R&Iþ in Eq. (17) represents the energy passing through the cross section between the incident source and the crack, whereas P R denotes the reflected waves heading away from the crack. Therefore, P Iþ þ P Non-pro represents the energy heading toward the crack. Because P Iþ denotes the incident energy for a plate without cracks, P Non-pro denotes the energy increment due to the existence of a crack. As P Non-pro depends only on the non-propagating modes, the energy increases only when the incident source and the crack are close.
This section considers the energy for each mode in the energy increment P Non-pro using the characteristic of the SAFE method, whereby the velocity and stress fields can be calculated for each mode. Figure 9 shows the normalized energy increment P Non-pro =P Iþ versus the normalized distance between the incident source and a crack ðx 1 À x S Þ=h for normal incidence opposite the crack opening at fh ¼ 25 kHz mm and d/h ¼ 0.5, corresponding to the black line in Fig. 5(b) . Because P Iþ þ P Non-pro represents the energy transported from the incident source to the crack, we cannot see the periodic energy variation caused by the interference of the reflected wave V R and the incident wave propagating in the -x direction, V IÀ , as seen in Figs. 5-7. In other words, P Non-pro denotes a substantial energy increment owing to the existence of cracks. Figure 9 shows the case of normal incidence opposite the crack opening; the curves obtained are nearly identical to those obtained when the crack opening and the incident source are located on the same side.
The dashed blue line represents the energy of the A1 mode, P A1ÀA1 =P Iþ , included in P Non-pro =P Iþ . The interaction of the A1 mode of the incident wave and the A1 mode of the reflected wave generates P A1ÀA1 , where the A1 modes have pure imaginary wavenumbers at the fh value. The dashed blue line is exactly the same as the solid black line denoting P Non-pro =P Iþ , which implies that the energy increment P Non-pro consists only of the contribution of the A1 mode, P A1ÀA1 . Figure 10 shows the energy increment P Non-pro =P Iþ for dipole loading when the crack opening and the dipole source are (a) on the opposite side and (b) on the same side (fh ¼ 25 kHz mm, d/h ¼ 0.5). The solid black lines represent the total energy increment P Non-pro =P Iþ , whereas the solid blue, solid red, dashed blue, and dashed red lines represent the mode-coupled energy of A1-A1, A2-A3, S1-S2, and S2-S1, respectively. They imply that the total energy increment consists of the energies of the higher-order modes as well as the energy of the A1 mode. Because the higher-order modes exert an influence only in the immediate vicinity of the crack, the energy increment abruptly increases at ðx 1 À x S Þ=h ¼ 0.
IV. EXPERIMENTAL VERIFICATION FOR DIPOLE LOADING
To verify the energy variations in the vicinity of a crack experimentally, defect images were obtained using the E-camera system and an aluminum alloy plate, as shown in Fig. 11 . Artificial straight notches with a length of 50 mm, width of 1.0 mm, and depth of 1.5 mm were engraved on a single surface of a plate measuring 500 mm Â 500 mm Â 3.0 mm. Because the notch width of 1.0 mm was sufficiently small in comparison to the wavelength of the flexural wave used in this study, the notch was regarded as a non-volume crack in the SAFE calculations described in Secs. II and III. The laser was scanned over a region of 400 mm Â 40 mm at 1.0-mm intervals to obtain images of all the notches and a region of 80 mm Â 40 mm at 0.5-mm intervals to obtain an image of a single notch. Because a repetition frequency of 20 Hz was used to avoid the occurrence of spurious images, 17, 18 the measurement times were approximately 14 min for the region 400 mm Â 40 mm in size (401 Â 41 points) and approximately 11 min for the region 80 mm Â 40 mm in size (161 Â 81 points). The Ecamera system has been described in detail in previous studies. 17, 18 A tone burst wave of 8 kHz was generated by modulating the pulse trains of a fiber laser. A laser spot with a diameter of approximately 0.5 mm was focused using a collimator and a focusing lens. In the current study, piezoelectric transducers with a central frequency of 8 kHz were used as receiving devices to detect non-averaged signals at a high signal-to-noise ratio. The four piezoelectric devices attached to the plate received the elastic waves generated at the laser spots. The peak distribution of the Fourier spectra of the received signals was obtained for each receiver, and the average of the four distributions was regarded as a defect image.
14,16-18 References 14 and 16 provide more information on the process of averaging the distributions. Figure 12 shows the defect images when the laser beam was irradiated on the plate surface opposite the crack opening. In both (a) the wide-range image and (b) the zoomed image, darker regions are located at the notches and in the vicinity of the notches. The dark areas other than the notches are resonance patterns induced by the interference between the incident and reflected waves, as seen in Figs. 5-7. Because the experimental system used in this study does not damage plate surfaces, the thermoelastic effect is dominant for the generated elastic wave. The dark band shown in the zoomed image [ Fig. 12(b) ] ranges from 4 to 6 mm in width. This is in good agreement with the results for dipole loading shown in Figs. 6(b) and 10(a), where the large energy range becomes less than the plate thickness h (¼ 3.0 mm in the experiment). Figure 13 shows (a) a wide-range image and (b) a zoomed image obtained when the laser beam was irradiated on the same surface as the crack opening. In both images, darker lines appear at the center of the notches because the laser beam enters into the notches, and the vicinity of the cracks appears brighter. The brighter regions range from approximately 4 mm to 6 mm in width, which is in good agreement with Figs. 7(b) and 10(b).
Thus, the energy variations in the vicinity of a crack, as shown in Figs. 6, 7, and 10, have been verified experimentally. Using the calculation results presented in Sec. III, we can predict the energy variations from the frequency range, plate thickness, and elastic wave generation mechanism. Accordingly, we can determine suitable settings of the Ecamera, such as the frequency range and scan pitch, to achieve desired defects.
V. CONCLUSIONS
The cross-sectional energies of a plate were calculated by the semi-analytical finite element (SAFE) method to elucidate the principle of imaging for a plate using a scanning laser source (E-camera). The results may be summarized as follows.
(1) The cross-sectional energies generated in a plate vary significantly when an incident source is located in the vicinity of a crack. (2) In point normal loading in the fh ranges considered in this study, the generated energies became larger in the vicinity of a crack in both cases, i.e., when the crack opening and the incident source are located on the same side and when they are located on opposite sides. This causes an energy increment due to the non-propagating A1 modes. (3) In dipole loading, when the crack opening and the dipole source are located on opposite sides, the generated energy abruptly increases in the vicinity of a crack, which is affected by higher-order non-propagating modes as well as the A1 mode. (4) In dipole loading, when the crack opening and the dipole source are located on the same side, the generated energy decreases in the vicinity of a crack. This is because the phase-inverted reflected wave and incident wave are canceled out.
Defect imaging experiments conducted using the Ecamera system demonstrated points (3) and (4) stated above. Using the knowledge obtained in this study, we can determine suitable settings of the E-camera to achieve desired defects.
